Biosynthesis of peptidoglycan in bacteria is a complex process involving numerous enzymes, most of which have been shown to be essential in pathogenic bacteria (3, 16) . These enzymes have been studied most extensively in Escherichia coli, and the genes which encode them have been cloned and the proteins have been characterized over the past several years (29, 30) . Many of these genes had been previously mapped in this organism due to the availability of temperature-sensitive lethal mutants. In E. coli, it was discovered that a number of these genes, including the one encoding penicillin-binding protein 3 (PBP3), were organized in a cluster located at 2 min on the chromosomal map (29, 34) . Also present in this cluster were other genes important in cell division, including ftsA and ftsZ (4, 19, 31) . All of these genes were found to be tightly packed, with reading frames sometimes overlapping, all oriented in the same direction of transcription, and there has been speculation about possible regulation of cellular growth and division within this region. Peptidoglycan biosynthetic genes were not exclusively in this 2-min region, however, as other genes, such as murA (69.3 min; 2), murB (89.9 min; 23), and murI (dga; 89.8 min; 10, 12), were found elsewhere on the chromosome.
A cluster similar to the 2-min region of E. coli was found in the gram-positive rod Bacillus subtilis (6, 27) . Interestingly, with a few exceptions (for example, sporulation-specific genes), the gene arrangement was quite similar to that seen in E. coli, including the tight arrangement of genes and a similar direction of transcription (7, 20) . However, missing from this region and located elsewhere on the chromosome were the murC, murF, and ddl genes found in the E. coli cluster. Recently, the genome sequence of another gram-negative rod, Haemophilus influenzae, was reported and the gene order in this region was found to be identical to that of E. coli (13) . These findings suggest a possible evolutionary relationship for genes involved in peptidoglycan biosynthesis and cell division.
The existence of similar gene clusters in gram-positive cocci has not been reported. This work describes clusters of peptidoglycan biosynthetic and cell division genes in Staphylococcus aureus and Enterococcus faecalis, and the results presented show both similarities to the genetic organization seen in E. coli, B. subtilis, and H. influenzae and some significant differences. In contrast to the gram-negative rods E. coli and H. influenzae and the gram-positive rod B. subtilis, the gram-positive cocci in this study contained fewer genes in these cell wall-cell division or DCW clusters (7, 34) . Clearly, several essential genes found in the DCW clusters of the gram-positive and gram-negative rods are located elsewhere in the chromosomes of the gram-positive cocci.
Cloning and sequencing of DCW gene clusters in S. aureus and E. faecalis. When this work was initiated, there was little data available concerning the existence of DCW gene clusters in gram-positive cocci analogous to the major ones reported for E. coli, B. subtilis, and H. influenzae. However, there was a DNA sequence entered in the GenBank database for the ftsZ gene, which is found in all of the above reported clusters, from S. aureus (1) . Chromosomal libraries from S. aureus ATCC 8325-4 and E. faecalis A24836 (Bristol-Myers Squibb Culture Collection) were constructed in pRDD40 (pLC4 shuttle vector from which the promoterless xylE gene has been removed; 25). Restriction endonuclease Tsp509I (AATT recognition site; New England Biolabs, Beverly, Mass.) was used to partially digest the chromosomal DNA. Because of the low GϩC content of the genomes (32 to 38 mol% GϩC; 17, 21), the choice of this enzyme was critical for this work because it generated much more randomly cut fragments than other enzymes commonly used in library construction, such as Sau3AI (data not shown). DNA fragment sizes of 3 to 5 kb were selected by sucrose density gradient centrifugation as inserts for cloning into pRDD40, and four pools of plasmids from approximately 1,000 colonies (representing a total of about 4,000 colonies) constituted the genomic libraries. Specific primers were synthesized and used to isolate a 450-bp internal S. aureus ftsZ fragment by PCR for use as a probe against the S. aureus library, while degenerate primers FOR (5ЈGGTATGGGNGG NGGWACNGGWACWGGNGCNGCACCNGT3Ј) and REV (5ЈAAANCCNGTTGCAATNACTGTNACNACAATC TGATC3Ј) were used to obtain a 600-bp internal ftsZ fragment by PCR for use as a probe against the E. faecalis library. Clones carrying plasmids with inserts containing the ftsZ gene and adjoining DNA were identified by colony hybridizations for each organism. Next, chromosome walking experiments were initiated. These were done first by using PCR primers from known chromosomal sequences and the pRDD40 vector to obtain sequences from library inserts which contained additional adjacent DNA. Subsequently, the use of the GenomeWalker Systems (Clontech, Palo Alto, Calif.) allowed efficient identification and sequencing of adjacent DNA regions from PCR fragments generated directly from genomic DNAs. A total of 12.1 or 14.0 kb of DNA was sequenced from S. aureus or E. faecalis, respectively. Assignments of putative functions were made from the results of BLASTX searches of translations of all six potential reading frames against the GenBank database.
Gene linkage verification by PCR. The possibility existed that cloned fragments could represent scrambled chromosomal fragments. To verify that the library clones represent the true order of the genes found in the chromosomes, the order and linkage of the genes were checked by PCR. Based on DNA sequence information, a series of specific primer pairs were designed, each originating in and pointed toward the identified adjacent gene. Since the exact size of the PCR fragment which should be obtained from the chromosome with the primer pairs could be calculated, it would be possible to determine if the cloned adjacent genes were indeed next to each other in the chromosome. The results of these PCR experiments indicated that, in every case, the predicted-size PCR fragment was obtained (data not shown), thus verifying the gene order present in the chromosome of each organism.
Characterizations and comparisons of open reading frames (ORFs).
The results revealed gene clusters with some similarities to those reported for E. coli, B. subtilis, and H. influenzae (Fig. 1) . A summary of the genes and gene products found in the DCW clusters of S. aureus and E. faecalis compared with the homologous gene products found in E. coli and B. subtilis is shown in Table 1 . The right ends of both the S. aureus and the E. faecalis clusters contained genes in the order div1B (protein homology with B. subtilis; Table 2), ftsA (E. coli and B. subtilis), and ftsZ (E. coli and B. subtilis). The div1B gene from B. subtilis was previously reported to encode a protein displaying homology to the E. coli ftsQ gene product (15) , which would give the same ftsQ-ftsA-ftsZ gene order for both gram- (Table 2) . Upstream in the DNA sequence ( Fig. 1 ), E. coli contains the gene order mraY-murD-ftsW-murG-murC-ddl. B. subtilis has mraY, murD, and murG but no ftsW, murC, or ddl homolog in this region. Likewise, the two gram-positive cocci lack several of the listed E. coli genes. E. faecalis also lacks ftsW, murC, and ddl and was found to contain the gene sequence mraY-murDmurG adjacent to the div1B homolog without any intervening ORFs. S. aureus displayed the same organization, except that no murG homolog was found in this area. Farther upstream, E. coli has the gene order pbpB-murE-murF while B. subtilis was found to have spoVD and murE in this region. Neither E. faecalis nor S. aureus contained a murE equivalent (this gene would add L-lysine rather than diaminopimelic acid in the third position of the peptidoglycan pentapeptide in these gram-positive cocci) or a murF homolog in this region of the chromosome. Both organisms, however, did contain PBP-encoding genes in this area: pbpA encoding PBP1 in S. aureus (32) and a previously unreported PBP-encoding gene, designated pbpC, in E. faecalis encoding a protein of 82 kDa with a tentative assignment of PBP3 based only on the putative size of the gene product (33) .
The intergenic spacing in the gram-positive coccus clusters more closely resembles that of B. subtilis (Fig. 1) , where there can be Ͼ100 bp between adjacent genes. This is particularly evident between the pbpA and mraY genes in S. aureus (293 bp) and the div1B and ftsA genes in both E. faecalis and S. aureus (231 and 108 bp, respectively). This is in contrast to the organization in E. coli, where several of the reading frames of the genes overlap. In all of these homologous gene clusters, all of the genes have the same direction of transcription (depicted as left to right in Fig. 1) .
Discussion. All six of the DCW clusters discussed above have been found to contain a PBP-encoding gene at one end, along with three homologous ORFs with unknown functions immediately upstream of the PBP-encoding genes. In E. coli, there is evidence that PBP3 in the DCW cluster plays a role in septum formation and cell division (28) . Models have been proposed in which PBP3 is part of a membrane complex with cell division proteins such as ftsA and ftsZ to mediate septum formation and subsequent cell division (14, 31) . When these PBP genes are used to search protein databases, the highest similarity scores obtained are with the other PBPs in DCW clusters. The presence of PBP genes in all of these DCW clusters may indicate similar functions in other bacteria, rods as well as cocci. The DNA sequence of the putative E. faecalis PBP3-encoding gene discovered in this work had not been previously reported, while the sequences of the genes encoding S. aureus PBP1 and S. pneumoniae PBP2x were previously entered into public databases. It is notable that with the exception of ftsW, all of the genes missing in the gram-positive cluster encode cytoplasmic precursor biosynthetic enzymes. Since most of these missing genes presumably encode functions essential in the gram-positive cocci, they must be present elsewhere on the chromosome. In that regard, there is evidence of at least one additional DCW cluster in S. aureus containing the ftsW, murF, and ddlA genes (24) . In all of the organisms sequenced to date, the ftsA-ftsZ relationship appears to be conserved. There is evidence of coordinated regulation of these two genes to maintain a proper balance of expression levels (5, 8) . Also, many of the genes in the E. coli DCW cluster were found to overlap adjacent genes, further fueling speculation of some type of coordinate regulation of peptidoglycan biosynthesis and/or cell division (9) . However, unlike that of E. coli, analysis of the B. subtilis DCW cluster, as well as those of two gram-positive cocci, shows no widespread gene overlaps with intergenic spacing of Ͼ100 bp in many instances.
Another observation originating from this work involves the Div1B/FtsQ proteins. It appears that there are similarities and differences in these proteins based on whether the bacteria are rod or coccus shaped. Both cocci appear to have a longer hydrophilic region just preceding the largest hydrophobic region at the amino termini of these proteins (data not shown; 18, 22) . This difference was particularly striking when the E. coli and S. aureus proteins were compared with N-terminal hydrophilic regions of about 30 and 150 amino acids, respectively. Although the functions of these Div1B/FtsQ proteins are largely unknown, it is possible that they play some role in shape determination in bacteria. Whether the extended N terminus is in some way involved in gram-positive coccal morphology remains to be determined.
Preliminary examination of the DCW cluster in S. pneumoniae (11) indicates that it is very similar to the same region in S. pyogenes (26) . Both of these streptococci have ftsA and ftsZ at the distal end of the cluster and a PBP-encoding gene (PBP2x in pneumococci) and mraY at the proximal end, similar to the cases reported here. Interestingly, in both organisms, the mraY gene is followed by a gene which appears to be a DEAD box RNA helicase that is presumably unrelated to cell wall or cell division functions. Further characterization of this region is under way.
From the data presented here, certain evolutionary questions can be raised. The DCW clusters in E. coli and H. influenzae contain several additional genes absent in the equivalent chromosomal regions of the three gram-positive cocci. The B. subtilis gene cluster also lacks several of these genes but contains several additional genes, perhaps involved in sporulation, which are lacking in the other bacteria. It is unclear whether there was a common ancestor which contained all of these genes in one cluster and there was subsequent rearrangement and dispersal or whether the ancestor contained a simpler DCW region and organisms such as gram-negative rods rear- ranged the distant genes into a cluster for transcriptional control or other regulatory purposes. Nucleotide sequence accession numbers. The GenBank accession numbers of the S. aureus and E. faecalis DCW cluster nucleotide sequences determined in this work are U94706 and U904707, respectively.
